This study describes a fast and accurate method for the sample preparation, identification, and quantitation of nitrilotriacetic (NTA) acid in environmental aqueous samples at a concentration of ppb level. The method is sensitive, specific, and free from the interferences of fatty and amino acids. The tri-n-propyl-and tri-n-butyl-NTA acid esters were prepared by the reaction of n-propyl-HCl and n-butyl-HCl solutions and NTA acid, respectively. The derivatives were analyzed by a gas chromatograph equipped with a mass spectrometric detector. The method detection limit, 0.006 mg/L of each NTA ester, was determined and validated by an analysis of a fortified water sample. The overall recoveries were 103-115%, n = 8. The method was applied to a real sample and a 0.90 mg/L concentration of NTA acid was found. Mass fragmentation patterns of the derivatives are also reported.
T he trisodium salt of nitrilotriacetic (NTA) acid is used in a variety of industrial and domestic applications because of its chelating properties and as a binder in synthetic detergents. It is also used in paper and cellulose production, metal plating, textile manufacturing, photography, cleaning operations, etc. (1, 2) . Therefore, the effluents containing NTA acid from these plants might reach into our aquatic environment (3) . Recently, it has been reported that NTA acid could be a carcinogen (4). Previous research also found that the biodegradation of NTA acid was less than 10% at temperatures of 10°C and below in winter months (5) .
Several methods are available for the determination of NTA, such as a colorimetric method (6) (7) (8) based on the chelating properties of NTA with metals, a polarographic method (9) , the gas chromatographic with flame ionization detection (GC-FID) methods (10) (11) (12) , GC with nitrogen-phosporus detection (NPD) methods (13, 14) , ion pair liquid chromatography (LC) combined with electrochemical detectors (15, 16) , and a gas chromatography/mass spectrometry (GC/MS) method that uses a boron trifluoride-methanol mixture as derivative solution (17) .
The usual approach to the development of a sensitive detection method for NTA acid has been to prepare derivatives that are amenable to GC and are detectable at the ppb level with a mass spectrometric detector. Recently, we have reported n-butylboronic derivatives of aliphatic glycols (18) , and extended a similar approach to the analysis of NTA acid. Most environmental samples contain fatty acids and amino acids. These acid compounds are esterified very efficiently and can interfere in the low-level peak detection in GC-FID or GC-NPD systems.
Esterifications of NTA acid with methyl, n-propyl, and n-butyl alcohols were conducted and found that n-propyl and n-butyl esters offered sufficient volatility to allow GC separation with respect to methyl-ester and detection by MS. Results of determinations of n-butyl ester of NTA acid were included for comparison, as n-butanol and n-propanol differ by CH 2 and are expected to have similar behavior.
In the present study, the NTA acid was converted to tri-n-propyl-and tri-n-butyl-NTA esters by reaction with alcoholic HCl solutions according to the following reactions: Samples were derivatized with alcoholic HCl solutions and extracted with methylene chloride. They were separated on a GC column and measured using a mass spectrometer. Mass fragmentation patterns and method detection limits (MDC) of both NTA esters are presented. 
Experimental

Chemicals and Reagents
Calibration Standard Preparation
The NTA acid standard was prepared by dissolving accurately weighed 100 mg NTA acid in 500 mL deionized water in a volumetric flask. The concentration of NTA acid in water was 200 mg/L.
Derivative Solutions Preparation
The n-propyl-HCl solution was prepared by the slow addition (dropwise) of 3 mL acetyl chloride to 70 mL of rapidly stirred n-propanol (cooled in an ice bath) in a 100 mL volumetric flask according to the chemical reaction:
After addition was completed, the solution was adjusted to 100 mL with n-propanol. The solution contained n-propyl acetate in addition to the n-propyl-HCl. This solution can be used up to 4 weeks showing no degradation in esterification if stored in a refrigerator at 5°C. The n-butyl-HCl solution was prepared in a manner similar to that given above.
Esterification
A 50 mL aliquot of NTA acid in water solution was transferred into a boiling flask and evaporated to near dryness on a hot plate at 60°C. A 2 mL aliquot of n-propyl-HCl derivative solution was added into NTA residues in the boiling flask. An aliquot of 2 mL derivative solution was found sufficient for esterification. The presence of excess solution in the sample will not interfere with the reaction of esterification or in the extract analysis. The contents were shaken to ensure the residues dissolved and allowed to stand for 15 min at room temperature to complete the reaction. The excess alcoholic HCl solution was removed from the residues by heating on a hot plate at 60°C. The residues were allowed to cool at room temperature and shaken vigorously with 2 mL 0.5M aqueous potassium bicarbonate (KHCO 3 ) solution, which converted the hydrochloride salt of esters to the corresponding methylene chloride-soluble esters. The aqueous solution was then extracted with three 2 mL portions of methylene chloride and collected in a 13 mL glass culture tube fitted with a teflon-lined screw cap. The final extract (10 mL in methylene chloride) was dried by adding 1-2 g anhydrous sodium sulfate. The concentration of the tri-n-propyl-NTA ester in methylene chloride was ca 40 mg/L. The tri-n-butyl-NTA ester was prepared in a similar manner at a concentration of ca 40 mg/L. The stock solutions were further diluted with methylene chloride to desired concentrations and were used as needed.
Preparation of Spiked Test Sample
A spiked test sample of NTA acid in water was prepared separately and derivatized with both alcoholic HCl solutions in a manner similar to that mentioned earlier at a concentration of ca 1.0 mg/L each. These standards were used for the determination of MDL of NTA esters. The results are reported in Table 1 .
Environmental Sample Preparation
A number of aqueous samples were collected by consultants in polyethylene containers fitted with teflon-lined screw caps and sent to our laboratory for the identification and quantitation of NTA acid. This particular sample was chosen because the water had a strong odor (sulfur-compounds) and was yellowish in color. A 100 mL portion of sample was filtered and split into two 50 mL portions. One portion of 50 mL was spiked with NTA acid solution at a concentration of 1.60 mg/L. A 2 mL aliquot of n-propyl-HCl solution was added to each portion of the sample. Both samples were derivatized and extracted with methylene chloride in a manner similar to that given above. A 1 m L aliquot of each extract was analyzed using selected-ion monitoring (SIM) mode. 
GC/MS System
Analytical results were obtained using an HP5890 Series II gas chromatograph coupled to an HP 5971 quadrupole mass spectrometer (Hewlett-Packard, Palo Alto, CA). The GC/MS system was mass tuned using perfluorotributylamine (PFTBA) compound to ensure the tune criteria was met (19) before unknown sample analysis. The capillary column used was a J&W DB-5 (J&W Scientific, Folson, CA) 30 m´0.25 mm id´0.25 m m film thickness.
GC conditions.-Helium was used as the carrier gas with a flow velocity of 48 cm/s measured at 130°C. The injector temperature was set to 270°C. The splitless mode was used for extract injection of 1 m L volume, with the valve opened for 0.70 min. Initial oven temperature was at 60°C and held for 0.5 min. First temperature program: 60 to 230°C at 20°C/min; final temperature program: 230 to 290°C at 12°C/min, held for 2 min. Both NTA esters (n-propyl-and n-butyl-) were eluted in the column temperature range 250-280°C.
MS conditions.-MS source temperature was held at 180°C; MS interface temperature was maintained at 280°C; electron energy was 70 eV; mass scan range in full scan mode, m/z = 40-400 amu/s. The extracts were analyzed first using full scan mode, then MS was setup for SIM mode. In SIM mode, the following characteristic ions were used for each derivative in the data acquisition method: For tri-n-propyl-NTA ester, ions m/z = 317, 230, 188, 144, 130, 73; for tri-n-butyl-NTA ester, ions m/z = 359, 258, 202, 158, 144, 87. The dwell time was 50 ms for all ions.
Results and Discussion
Mass Spectral Fragmentation
The derivative solutions of n-propyl and n-butyl-HCl converted NTA acid to the corresponding tri-n-propyl-and tri-n-butyl-NTA esters, respectively. The derivatives were resolved on a commonly used J&W DB-5 GC capillary column. Figure 1 shows the total ion chromatograms (TIC) obtained in full scan mode of the GC/MS system when 1 m L aliquot of extract containing approximately 1.2 mg/L of each derivative is injected on the GC head. They were well separated with the GC column. The electron-ionization mass spectra of tri-n-propyl-and tri-n-butyl-NTA esters are shown in Figures 2A and B, respectively. The large number of fragment ions observed in electron-ionization mass spectrum from both derivatives implies that a sufficiently excited molecular ion was formed and then decomposed by a variety of energy-dependent reactions, each of which resulted in the formation of an ion and of neutral species according to the unimolecular decomposition processes (20) . At present, mechanistic pathways for the formation of the neutral products are largely speculative. The mass spectrum represents characteristic features of each ester. The molecular ion for tri-n-propyl-NTA ester (m/z = 317, [C 15 H 27 NO 6 ] + ) and for tri-n-butyl-NTA ester (m/z =359, [C 18 H 33 NO 6 ] + ) were observed. Their abundances were low and amounted to 4-5%. The molecular weight of the derivative was easily determined, as a fairly prominent parent ion was detected in each case. Table 2 (21) to arise from the decomposition of the tri-n-propyl-NTA acetate-side of the derivative. It is worth mentioning that the characteristic ions in tri-n-butyl-NTA ester spectrum differ by CH 2 and C 2 H 4 radicals when compared with the spectrum of the tri-n-propyl-NTA ester as n-butanol and n-propanol differ by the CH 2 radical. Warren and Malec (12) reported qualitative results of tri-n-butyl-NTA ester and some related aminopolycarboxylic acids. Their methods for the sample preparation were time-consuming and, in all cases, n-butyl-HCl and trifluoroacetic anhydride were used as derivative solutions. The derivatives were analyzed using GC-FID and GC/MS systems. 
Quantitative Analysis
A 5-level calibration curve at concentrations of approximately 0.2, 0.8, 1.2, 4.0, and 20 mg/L was prepared by diluting the above stock standard approximately of 40 mg/L. These calibration standards were analyzed in the SIM mode of the GC/MS system. The linear response range for each derivative was established by plotting the peak area of the base ion (i.e., the largest peak in the spectrum; m/z = 230 in the case of tri-n-propyl-NTA ester) against the concentration of analyte injected (mg/L) on the GC column. Figure 3 shows the least-square linear fit (R 2 = 1.000) calibration curve for the tri-n-propyl-NTA ester. A similar calibration curve was obtained for the tri-n-butyl-NTA ester. These calibration curves were then used in the calculation of MDLs of NTA esters as well as in the analysis of real environmental samples. The concentration of the analyte in the extract was determined from the calibration curve. The final concentration of analyte in the sample was computed using the volumes of the original sample and the final extract.
Method Detection Limit
The MDL for each NTA ester was calculated by analyzing eight 1 m L aliquots of spiked test sample containing NTA acid standard at a concentration of approximately 1.0 mg/L each. The concentration of each NTA ester was determined using the above 5-level calibration curves. The MDLs were calculated using Students' t-value appropriate for 99% confidence level and standard deviations estimated (22) . Three times the standard deviation provided MDLs of NTA esters. Mean measured concentration observed ranged from 103 to 115% of the true value. The MDL values and the actual concentrations of NTA used are given in Table 1 . The MDL value was validated by analysis of 100 mL spiked water sample containing NTA acid at a concentration of 0.006 mg/L. The fortified sample was prepared for GC/MS analysis according to the procedure described earlier. The extract was concentrated to a volume of 2 mL and contained 0.30 mg/L equivalent of each n-propyl-and n-butyl-NTA ester. A calibration standard solution at similar concentration was prepared volumetrically by diluting the above stock solutions. These solutions were then analyzed in GC/MS-SIM. The precision of the determinations was assessed by injections of 8 replicates and given as percent of relative standard deviation (RSD%). The range of RSD found was 2.5-2.6% and results are given in Table 3 .
Analysis of Real Environmental Samples
We have been using this proposed method in our laboratory for the identification and quantitation of NTA acid in environmental aqueous samples submitted by consultant agencies. The samples were prepared in a similar manner as described previously. The extracts were analyzed using the SIM mode of the GC/MS system. A wide variety of real samples were analyzed and concentrations of NTA acids were found in the range <0.006 to 3.2 mg/L. Figure 4 shows a typical TIC obtained for 50 mL real sample after derivatization with n-propyl-HCl solution and extraction with methylene chloride. Figure 4B shows the electron-ionization mass spectrum of the tri-n-propyl-NTA ester found in the real sample. Figure 4A shows also the impurity peaks due to other organics initially present in the sample in addition to the target compound. Target peak identification was performed by comparing the retention time and fragment ions of sample and standard chromatograms. The concentration of NTA acid in real sample was determined to be 0.9 mg/L using the above calibration curve. Figure 5 shows the TIC of tri-n-propyl-NTA ester when 50 mL real sample was spiked with 1.60 mg/L NTA acid. The total concentration of spiked sample was determined to be 2.53 mg/L. The concentration of spiked NTA acid was 1.63 mg/L (recovery, 102%).
Conclusions
Derivatization done prior to analysis for certain organics improves the analytical efficiency, increases the sensitivity, and results in products that are readily distinguishable and separable from starting materials (18, 23) . The methodology presented here provides sample preparation and analysis of NTA acid at low-level detection in aqueous samples with confidence. The single GC/MS peak observed in the TIC indicated that both NTA derivatives were eluted from the GC column without undergoing any degradation in the column. The loss of column sensitivity was not experienced after 50 injections. Derivatization process along with GC/MS with electron ionization and SIM mode data acquisition provides chromatograms for determining and confirming the presence/absence of NTA acids in real samples.
